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32
When species diverge, hybrid offspring that are produced can suffer from reduced fitness. 33
Hybrid male fertility is usually one of the first of these postzygotic phenotypes affected [1, 2] . 34 Therefore, the genetic factors, cellular basis, and molecular mechanisms of hybrid male sterility 35 (HMS) are of considerable interest, as they inform our understanding of both speciation and 36 normal fertility function. Studies in animals commonly assess testis shape, size, or weight, as 37 well as sperm morphology, density, or motility to define male sterility phenotypes. However, the 38 cellular basis of HMS is rarely investigated. Available cytological studies of spermatogenesis in 39 sterile hybrids indicate that multiple mechanisms of functional sterility are possible. Sterile 40 hybrids between Mus musculus domesticus and M. m. musculus have spermatogenic arrest in 41 early meiosis I with disrupted homoeologous chromosome pairing and meiotic sex chromosome 42 inactivation [3, 4] . Studies of failed spermatogenesis in different Drosophila hybrids observed 43 arrests at the premeiotic stage [5] , reduced chromosome pairing, unequal chromosome 44 3 segregation in meiosis [6, 7] , characteristic spermiogenic arrests [5] , spermatid abnormalities [8] , 45 and problems in sperm bundling and motility [9, 10] . Detailed analyses of cellular phenotypes in 46 testes of various hybrid organisms could help to establish the order of origin of postzygotic 47 isolating barriers and to guide the identification of speciation genes. 48
49
The Anopheles gambiae complex consists of at least nine morphologically nearly 50 indistinguishable sibling species of African malaria mosquitoes [11] [12] [13] . Genome-based 51 estimations of the age of the An. gambiae complex vary from 1.85 [14] to as young as 0.526 52 million years [15] . Genomic introgression is prevalent in autosomal regions of several species 53 indicating naturally occurring interspecies hybridization [14, 15] . Experimental crosses of 54 species from the An. gambiae complex often produce sterile F1 hybrid males, conforming to 55
Haldane's rule of sterility or inviability of the heterogametic sex [16] [17] [18] [19] [20] . Early crossing 56 experiments between members of the complex have found that HMS is associated with various 57 degrees of testes atrophy and underdevelopment of sperm [18] . A large effect of the X 58 chromosome on HMS has been demonstrated for crosses between An. gambiae and An. 59 arabiensis [16, 21] . However, an introgression of the Y chromosome from An. gambiae into the 60 background of An. arabiensis has shown no apparent influence on male fertility, fitness, or gene 61 expression [17] . Because of the recent evolution and ease of hybridization, sibling species of the 62 An. gambiae complex offer great opportunities to provide insights into the cellular basis and 63 figure S1C ). We then tested whether normal-like and degenerate testes 142 of interspecies hybrids produce any sperm. Sperm reach maturity within two days after 143 emergence of Anopheles adult males. In squashed testes of 2-5-day-old adults of pure species, 144 large amounts of mature spermatozoa with long tails can be seen. After we crushed the testes, 145 spermatozoa with vibrant motility escaped from the ruptures (supplementary material, figure 146 S1A, movie S1). However, mature sperm or sperm motility could hardly be seen in squashed or 147 crushed normal-like testes of 2-5-day-old adult hybrids from crosses when An. merus was the 148 mother. Instead, we see fewer spermatids and mostly nonmotile spermatozoa with large heads 149 and often two short tails growing from opposite ends of the head (supplementary material, figure 150 S1B, movie S2). Staining with DAPI identified extended premeiotic and spermatogenic stages 151 that cause delay of spermatogonia amplification, spermatocyte divisions, and spermatid 152 differentiation in the normal-like testes (supplementary material, figure S2 ). Only 153 undifferentiated round cells could be seen in degenerate testes of hybrids from reciprocal crosses 154 when An. merus was the father (supplementary material, figure S1C ). Given the small size of the 155 degenerate testes, these round cells may represent germline stem cells. Thus, neither normal-like 156 nor underdeveloped testes of the interspecies hybrids produce mature motile spermatozoa. 2). In primary spermatocytes, homoeologous autosomes pair and form chiasmata in prophase I as 177 in pure species. Unlike pure species, X and Y chromosomes do not pair or display chiasmata in 178 diplotene/diakinesis of prophase I in these hybrids. We found this pattern consistent in all 179 analyzed hybrid males. Metaphase chromosomes in hybrids are visibly longer than at the same 180 stage in pure species, indicating insufficient chromatin condensation. Besides, homoeologous 181 chromosomes in hybrids do not segregate during anaphase. Instead, sister chromatids move to9 opposite poles of the dividing cell. Because reductional division does not occur in hybrid males, 183 both X and Y chromatids move to the same pole during anaphase. As a result, haploid secondary 184 spermatocytes are not present in these males. Our FISH analysis demonstrated that spermatids in 185 testes of pure species normally contain either an X or Y chromosome. In contrast, we found both 186 X and Y chromosomes present in spermatids of the hybrids (supplementary material, figure S5) . 187
Moreover, the abnormal spermatids are larger in size due to insufficient chromatin condensation 188 and the double chromosome content. Thus, we discovered that chromosomes in normal 
Discussion
249
In this study, we performed the first detailed cytological analysis of spermatogenesis in pure 250 species and hybrids of mosquitoes. We demonstrate that premeiotic and meiotic defects are 251 12 involved in HMS in reciprocal crosses ( Figure S10 ). This observation is at odds with the 252 commonly accepted view that hybrid males suffer postmeiotic sterility problems more often than 253 premeiotic or meiotic sterility problems [1, 33] . Although many postmeiotic defects seen in 254 Drosophila hybrids are indeed related to problems in sperm bundling and motility [5, 9, 33] , 255 some sperm abnormalities may stem from meiotic failures. For example, our data shows that 256 sperm abnormalities such as nonmotility, two-tailed heads, and chromatin decompaction in 257 sperm heads can result from impaired meiosis I (Figure 2 ). Additional studies of interspecies 258 hybrids of various organisms should determine whether the first meiotic division commonly fails 259 when fertility is affected. 260
261
Our cytogenetic investigation of meiosis in Anopheles species demonstrates that the X and Y 262 chromosomes pair with each other throughout prophase I (Figure 1, 3BC, supplementary  263 material, figures S3, S4). Unlike pure species, meiotic prophase I in F1 mosquito hybrids shows 264 cytogenetic anomalies-low percentages of X-Y chromosome pairing and insufficient chromatin 265 condensation ( Figure 3BC, supplementary material, figure S8 ). The interplay between these two 266 phenotypes may result in failing a reductional meiotic division and prematurely proceeding to an 267 equational mitotic division (Figure 4 ). All chromosomes must achieve synapsis in pachynema, 268 complete DNA repair, and disassemble their synaptonemal complexes in diplonema as 269 homologous chromosomes prepare to segregate [34] . The presence of chiasmata and tension 270 exerted across homologs ensures that cells undergo reductional segregation [35] . Asynapsis of 271 chromosomes almost invariably triggers pachytene checkpoint and meiotic breakdown [36] . 272 273 13 Haldane's rule predicts that meiosis would be aberrant in males but may be normal in females 274 [20] . This could be due to differences in the mechanisms of X-Y and X-X pairing. For example, 275 in D. melanogaster, X and Y chromosomes pair through specific pairing sites located in 276 heterochromatin [37] , which could be relatively quickly altered during evolution. In contrast, the 277 X-X and autosome-autosome pairing capacity is widely distributed along the chromosome arm 278 recombination, and faithful segregation [29, 40, 41] . To support crossover formation between 298 homologous chromosomes and their subsequent segregation in meiosis, repair from the more 299 readily available homologous sequences on the sister chromatid must be suppressed [34] . 300
301
As species continue to diverge, meiotic errors become more prominent, and new hybrid 302 phenotypes appear as has been seen, for example, in sterile male hybrids from the 
